We present new U-series disequilibria results for 37 basalts collected from the flanks and axial valley of the Endeavour segment of the Juan de Fuca Ridge, making Endeavour one of the most wellcharacterized spreading ridges along the global ridge system. Detailed studies of Endeavour basalts provide a geological framework for the tectonic, magmatic, and hydrothermal evolution of the ridge, and the geochemical diversity of basalts that result from short spatial-and temporal-scale variations in mantle sources and melting processes. Because the geologic and geochemical context of these basalts is well known, new uranium series disequilibria and model ages place additional constraints on the recent magmatic evolution of the ridge. While Endeavour basalts vary widely and include depleted, normal, transitional, and enriched compositions, relatively little variation is observed in Th/ U ratios or Th excesses collected from pillow mounds on the flanks of the ridge (the 'Inflated Trend') have aged significantly since eruption and document the episodic nature of volcanic and tectonic regimes at Endeavour. Uranium-series melting models using two lithologies (peridotite and eclogite) can account for U-Th systematics in near zero-age basalts. These models indicate that mixing of diverse, deeply-generated, enriched melts and homogeneous, shallowlygenerated, depleted melts can account for the geochemistry of Endeavour basalts. In addition, decreasing porosity and melting rate of the eclogite component is primarily responsible for chemical and physical changes occurring at the Endeavour segment through time.
INTRODUCTION
The role of mantle melting processes affecting surface geology at mid-ocean ridges, while broadly understood in a global framework (e.g. Klein & Langmuir, 1987; Langmuir et al., 1992; Niu & O'Hara, 2008) , is relatively unconstrained along the majority of global mid-ocean ridge systems. Variations in magma genesis and associated crustal production are typically thought to reflect variations in temperature of the mantle adiabat (Klein & Langmuir, 1987) , but additional parameters such as water content (Asimow & Langmuir, 2003) , mantle fertility (Niu & O'Hara, 2008) , and abundance of mafic lithologies (e.g. Russo et al., 2009; Elkins et al., 2016 ) also contribute. These parameters all affect the temperature of the solidus during mantle upwelling, leading to variations in the initial depth of melting, and consequently, total magma production and resulting crustal thickness. Detailed studies of some mid-ocean ridge segments indicate that the driving forces behind global variations in the chemical and physical characteristics of midocean ridges also vary on short spatial and temporal scales (Waters et al., 2011; Sims et al., 2013; Gill et al., 2016) . Currently, our understanding of time-integrated variations in mantle temperature and composition suffers from a lack of detailed studies of mid-ocean ridges involving the full suite of analytical tools available to the geologic community.
Endeavour, an intermediate spreading segment of the Juan de Fuca Ridge located $300 km off the west coast of the United States and Canada (Fig. 1) , has been the focus of geologic investigations for several decades. Explorations have focused on the surface geology and hydrothermal systems (Tivey & Delaney, 1986; Delaney et al., 1992; Robigou et al., 1993; Butterfield et al., 1994) , subsurface geology using seismic constraints (Cudrak & Clowes, 1993; Nedimovic et al., 2005; Van Ark et al., 2007; Carbotte et al., 2008) , and the geochemistry of underlying mantle through studies of basalt geochemistry (Karsten et al., 1990; Goldstein et al., 1992; SoursPage et al., 1999) . More recently, a concerted effort has been made to provide a detailed geologic framework for the evolution of the segment axis in the last $10 000years. These studies include new mapping and dating of surface basalts using high resolution bathymetry and 14 C sediment ages , a detailed history of active and recently active hydrothermal features (Jamieson et al., 2013 (Jamieson et al., , 2014 , an evaluation of the petrology and geochemistry of basalts that compose the current axial ridge , constraining the broad seismic structure of the Endeavour oceanic crust (Weekly et al., 2014; Soule et al., 2016) and imaging the underlying mantle velocity structure of the Juan de Fuca Ridge (Byrnes et al., 2017) . As a result, Endeavour is now one of the most thoroughly characterized segments of the global ridge system. Despite that, magmatic processes occurring in the mantle that govern the geologic evolution of the ridge remain poorly understood.
Here we present new U-Th disequilibria results for 37 basalts collected by remotely operated vehicle (ROV) from the Endeavour segment of the Juan de Fuca ridge. These basalts have been geochemically characterized by Gill et al. (2016) and their geologic context is well known. In addition, the detailed geologic framework provided by Jamieson et al. (2013 Jamieson et al. ( , 2014 , Clague et al. (2014) , Gill et al. (2016) , and others now allows results to be integrated to constrain the geologic evolution of the ridge through time from a magmatic perspective. Model ages derived from U-series disequilibria yield age constraints for older lavas and for lavas recently identified as originating from distinct episodes of activity that are dominantly magmatic, tectonic, or hydrothermal in nature. 230 Th-238 U disequilibria of zero-age basalts (i.e. basalts with eruption ages <10 ka based on geologic context and sediment ages) are used to model mantle melting processes occurring beneath Endeavour through time, thus allowing for a detailed understanding of the magmatic evolution of a midocean ridge with respect to the overall processes that affect the global ridge system. Results provide a geological history of the ridge back to $ 80 ka that is the similar to the temporal scale recently achieved for the Cleft segment (Ferguson et al., 2017) .
UNIQUE ENDEAVOUR CHARACTERISTICS
The geology of Endeavour has been reviewed in several recent papers and we summarize relevant points here to provide a basic framework for understanding U-series isotopes. One of the most important developments has been the detailed timeline of magmatic, tectonic and hydrothermal activity partly built by Clague et al. (2014) and Jamieson et al. (2013) , who have shown through the use of high resolution bathymetry, sediment ages and sulfide ages, that the axial Endeavour ridge has undergone recent episodes of dominantly magmatic (>10 ka to 4Á3 ka), tectonic (4Á3-2Á3 ka), and hydrothermal (<2Á3 ka) activity. These results provide a more detailed geologic perspective for the Endeavour segment through time than is available for any other ridge system.
In addition to the recent geological evolution of Endeavour, one of the most intriguing aspects of the ridge is the highly variable geochemical nature of erupted basalts. Karsten et al. (1990) first noted the presence of both NMORB and EMORB through a broad region across the Endeavour segment and specifically identified the abundance of EMORB near the current spreading axis. This observation, and the availability of high quality samples from Endeavour and other Juan de Fuca Ridge segments, led Goldstein et al. (1989 Goldstein et al. ( , 1992 , Volpe & Goldstein (1993) and Lundstrom et al. (1995) to use basalts from these locations for the first U-series analyses of MORB by mass spectrometry. These studies showed that the Endeavour Ridge has higher 230 Th and 231 Pa excesses in zero-age lavas than most other ridge segments worldwide. Subsequently, Sours-Page et al. (1999) showed that the geochemical diversity reflected by basalts at Endeavour was also present in melt inclusions preserved in plagioclase phenocrysts in EMORB but not NMORB. Most recently, Gill et al. (2016) showed, through a detailed analysis of over 300 well-located basalts, that even more geochemical diversity exists than originally surmised. Most importantly, Gill et al. (2016) identified seven different geochemical 'flavors' of basalt found near each other in the axial valley, constraining their ages to less than $2300 years. These basalts range in composition from depleted MORB (K 2 O/ TiO 2 $ 0Á05 at 7Á5 wt % MgO) to enriched MORB (K 2 O/ TiO 2 up to 0Á35 at 7Á5 wt % MgO), and span nearly the entire range of geochemical compositions of global MORB . When placed in context of the geologic history of the last $10 kyr , differences between lava types reflect a geochemical transition during the same time period. The seven basalt types, found within tens of metres of each other, define two distinct trends in major and trace element and isotope space, referred to as the 'Inflated Ridge' and 'Graben' trends after the time periods during which each group of lavas erupted (Fig. 2) .
From at least 10Á7 ka to 4Á3 ka, when the Inflated Central Endeavour Segment (ICES; Gill et al., 2016) was magmatically robust and prior to the formation of the axial valley, basalts with enriched (EMORB) and transitional (T3MORB) major and trace element characteristics erupted. High-resolution bathymetry presented by Clague et al. (2014) showed that prior to the formation of the axial valley, lavas erupted along a central axis high and flowed down the flanks of the axial ridge as large volume sheets. These large volumes of sheet lavas likely erupted over 1000's of years from near the ridge axis. They were sampled extensively and Gill et al. (2016) showed that all are EMORB. These EMORB sheet lavas flowed around pre-existing large pillow mounds on the western flank composed of T3MORB. The T3MORB type has relatively unradiogenic Pb isotope ratios and higher Zr/Nb and 3 He/ 4 He ratios than other Endeavour basalts . The time period during robust EMORB and T3MORB volcanism is referred to as the Inflated Ridge period, after which an axial graben formed in which more diverse types of MORB erupted. Inflated Ridge period volcanism terminated at Summit Seamount, a seamount located on the northern west flank of the ridge (Fig. 1) that rises approximately 200 metres above the axial graben.
During and after formation of the axial graben, the geochemistry of erupting basalts diversified to include two types of normal (N1 and N2MORB) and two additional types of transitional (T1 and T2MORB) basalts. These additional basalt types define the 'Graben' trend at Endeavour. These lavas encompass larger ranges in trace element and isotope ratios than Inflated Ridge basalts and range from depleted N2MORB to the most enriched T1MORB compositions. Importantly, basaltic compositions of this Graben trend are entirely absent from the flanks of the volcano. Graben trend basalts form smaller eruptions that are mainly contained within the current axial valley.
This detailed picture of the geological and geochemical evolution of the Endeavour segment through time demonstrates the utility of high-resolution studies (involving large sample suites collected using ROVs, high-resolution bathymetry, and quantitative agedating techniques) of mid-ocean ridge basalts. Further, the geochemical diversity within close spatial and temporal proximity provides an ideal setting for utilizing Useries disequilibria to evaluate magmatic processes Fig. 1 . Bathymetric and inset maps of the Endeavour segment of the Juan de Fuca Ridge, showing sample locations, basalt types, and sample identifiers. Symbol colors reflect the compositions of the specific sample including DMORB (violet), N2MORB (indigo), N1MORB (blue), T3MORB (green), T2MORB (yellow), T1MORB (orange), EMORB (red). Dredged samples from Goldstein et al. (1992) are shown in white as the start-point of long dredges. Sample TT175-17-23 was also measured for ( 231 Pa)/( 235 U) by Lundstrom et al. (1995) . Detailed sample descriptions can be found in Table 1 . Darker hues of blue reflect greater water depths with depth scale included. that lead to the geochemical diversity of basalts along the global ridge system, while minimizing the time, and thus roles, of other geological processes that may affect basalt geochemistry (e.g. spreading rate, plume interference, large-length scale heterogeneity).
METHODS

Sample preparation
Basalts for U-series analyses were selected based on geochemical diversity, location, geologic context, and sample quality (Table 1) . Basalt glasses were hand-picked to avoid surface alteration and phenocrysts. Samples were leached sequentially in 2Á5 M hydrochloric acid (HCl), 2% hydrogen peroxide (H 2 O 2 ) and 0Á1 M oxalic acid, generally following the methodology of Lundstrom et al. (1998) . Glasses were sonicated and rinsed in ultrapure water prior to and between leaching steps. Samples were also examined between each leaching step using a microscope to evaluate the effects of leaching. Once leached, samples were inspected and hand-picked a second time to provide the best possible glass for dissolution.
Digestion
After leaching, $1Á2 grams of glass were handpicked for digestion ensuring that the glass did not display altered surfaces (e.g. discoloration and pitting) or have adhering minerals. No more than 0Á4 grams of glass were dissolved in a single 60 ml Teflon TM beaker to ensure effective sample digestion. As a result, three individual beakers were commonly used to digest a single sample. Digestions used $5 ml of concentrated HF and $5 ml of concentrated HNO 3 in an initial step, followed by individual steps that used 10 ml of 7 N HNO 3 and 10 ml of 6 N HCl. All digestion steps involved beakers sitting on a hotplate at >125 C for 12-24 hours and required drying of solutions between steps. After initial digestion, samples were dried and redisolved in $5 ml of 7 N HNO 3 and left overnight at room temperature. Solutions containing disolved samples were then centrifuged with solutions decanted. Solutions were placed into centrifuge tubes for temporary storage. Any remaining undisolved portions of samples were combined (from the three beakers) and redisolved in $10 ml of 6 M HCl in a single 60 ml beaker. After at least 24 hours on a hot plate, the samples were dried again and redisolved in $5 ml of 7 N HNO 3 . Solutions were left at room temperature for !12 hours and then centrifuged again. Solutions were again decanted and stored, and any remaining undisolved materials were subjected to this procedure until all samples were 100% disolved. Disolved sample solutions were combined and aliquots of digested solution were extracted from a single main solution for separate uranium and thorium isotope dilution (ID) analyses and uranium and thorium isotopic composition (IC) analyses to ensure homogeneity and to maintain a direct connection between analyses. Additional aliquots from the main solution were analysed for Sr, Nd, and Pb (data presented in Gill et al., 2016) .
Chromatography preparation
Approximately 50 mg equivalent splits of main sample solution were spiked for uranium and thorium. Required spike amounts were estimated using ICP-MS results and the isotope dilution equation (Faure, 1986) . Once spiked, additional 6 N HCl was added to sample/ spike solutions in 15 ml beakers. These beakers were left on a hot plate at !125 C for at least three days to equilibrate. Spiked solutions were then dried, redisolved in $1.0 ml of 7 N HNO 3 and left overnight at room temperature. Solutions were then placed into micro-centrifuge tubes and centrifuged. Sample solutions were loaded onto columns containing $2 ml of A B Fig. 2 . Diagrams illustrating the geochemical traits of Endeavour basalts used in this study; adapted from Gill et al. (2016) anion exchange resin pretreated with 7 N HNO 3 in preparation for uranium and thorium purification.
In addition to spiking, $50 mg equivalent splits of the main sample solutions were removed for U and Th IC measurements and placed in 15 ml beakers. These solutions were dried, redisolved in $1Á0 ml of 7 N HNO 3 and left overnight at room temperature. Solutions were then placed into micro-centrifuge tubes and centrifuged. Sample solutions were then loaded onto columns containing $4 ml of anion exchange resin pretreated with 7 N HNO 3 in preparation for uranium and thorium purification.
Uranium and thorium chromatography
Approximately $0Á5 ml aliquots of spiked and centrifuged U/Th sample solutions were loaded onto columns containing $2 ml of pre-cleaned anion exchange resin. Loading was followed by four 0Á25 ml washes of 7 N HNO 3 to ensure all sample moved into the resin bed. These washes were followed by a 2Á0 ml wash of 7 N HNO 3 . Uranium was then collected in 2Á0 ml of 7 N HNO 3 . An additional 2Á0 ml wash of 7 N HNO 3 was then used to remove all remaining uranium. Thorium was then collected in 1Á0 ml of H 2 O followed by 6Á0 ml of 6 N HCl.
Unspiked thorium and uranium isotope purifications followed a similar procedure but used 0Á7 cm diameter by 17 cm length Pyrex TM columns containing $4 ml of anion exchange resin. Approximately 0Á5 ml of sample solution was loaded onto the columns. Loading was followed by two 0Á5 ml washes of 7 N HNO 3 to ensure the solution moved into the resin bed. These washes were followed by two 2Á0 ml washes of 7 N HNO 3 . Uranium was then collected using 4Á0 ml of 7 N HNO 3 . An additional 10 ml of 7 N HNO 3 was used to remove any remaining uranium or matrix ions. Thorium was then collected in 1Á0 ml of H 2 O followed by 6Á0 ml of 6 N HCl.
Mass spectrometry Uranium isotope dilution analysis
Purified spiked uranium solutions were dried in preparation for analysis using thermal ionization mass spectrometry (TIMS). Purified uranium was disolved in 2 ll of 5% HNO 3 and one ll was loaded onto a pre- 
Uranium isotopic composition analysis
Purified unspiked uranium solutions were dried in preparation for analysis using multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS). Samples were disolved in 0Á5 ml of 2% HNO 3 þ 0Á01% HF and analysed using a ThermoFinnigan TM Neptune MC-ICP-MS at the University of California, Santa Cruz. Solutions were introduced into the plasma using a MCN-6000 desolvating nebulizer with an aiming intensity of 238 U ¼ $100 mV. For analyses, 238 U and 235 U were collected in Faraday cups, while 234 U was measured using a secondary electron multiplier. Measurements consisted of fifty ratios, each integrated for five seconds. Ratios were corrected for on-peak baselines measured prior to analysis using a clean 2% HNO 3 þ 0Á01% HF solution for 30 seconds. Results are normalized to uranium SRM 4321 to correct for multiplier/Faraday gains and mass bias.
Thorium isotope analysis
Purified spiked and unspiked thorium isotope solutions were dried in preparation for analyses using multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS). Samples were disolved in 0Á5 ml of a 2% HNO 3 þ 0Á01% HF solution and analysed using a ThermoFinnigan TM Neptune MC-ICP-MS at the University of California, Santa Cruz. Samples were introduced into the plasma using a MCN-6000 desolvating nebulizer. The aiming intensity for 232 Th was $2Á0 V. For unspiked Th analyses, 232 Th was collected using a Faraday cup, while 230 Th was measured using a secondary electron multiplier. Results were normalized to analyses of UCSC Th A to correct for mass bias and Faraday/SEM gain, assuming 232 Th/
230
Th ¼ 171 500 for ThA . Samples of Th A were analysed between samples or between every two samples. For spiked Th analyses, both 232 Th and 229 Th were collected in Faraday cups with results of Th A, analysed between every three unknowns, used to correct for mass bias. Isotopic ratios were measured 50 times, each as five-second integrations. On-peak baselines were measured prior to analysis using a clean 2% HNO 3 þ 0Á01% HF solution for 30 seconds.
RESULTS
U and Th concentrations, isotopic compositions, and analytical details are reported in Table 2 . An internal Columbia River Basalt standard (BCR-C) was measured for quality assurance, and yielded a $1Á5% (2r) reproducibility for Th/U (n ¼ 3). In addition, several basalt samples were measured multiple times for ( 238 U)/ ( 232 Th) and ( 230 Th)/( 232 Th) to assess overall reproducibility across a range of ratios. Most duplicates fall within a $1Á5% range (Table 2 ). In general, reproducibilities of ( 232 Th/ 230 Th) and ( 234 U/ 238 U) were on the order of $1% or better for standards and samples. Below we discuss U-Th disequilibria results.
The unaltered nature of Endeavour basaltic glasses is reflected in ( 234 U)/( 238 U) ratios that are generally 1Á00 6 0Á01, which is similar to BCR-C results (Table 2) . Only one glass sample measured for ( 234 U)/( 238 U) has slight disequilibrium ($1Á014, N2MORB D265-R12). This basalt was not considered for model age dating or mantle melting models discussed in section 5. 232 Th) and basalts from the axial valley span a relatively limited range ($1Á26 to 1Á34). Axial N1MORB vary most widely ($1Á28 vs 1Á34), with samples from the northern axial valley having slightly lower ( 230 Th)/( 232 Th) than the one sample from near the Stockworks hydrothermal field located to the south that is thought to be erupted above a separate melt lens . One basalt from outside the axial valley (T738-40) has lower ( 230 Th)/( 232 Th) than axial counterparts with similar Th/U ratios.
With respect to the Inflated Ridge and Graben trends of Gill et al. (2016) , the former has overall lower ( 230 Th)/ ( 238 U) (e.g. E and T3MORB of the Inflated Ridge trend average $1Á22, and N1, N2, T1, and T2MORB of the Graben trend average $1Á30) for samples presumed to be zero-age (i.e. those from within the axial valley and from flank areas with sediment ages <10 ka, Clague et al., 2014) . Th/U ratios of Inflated Ridge basalts are also lower than Graben trend basalts, resulting in relatively lower ( Previously published major and trace element and isotopic ratio data for samples presented here are provided in Supplementary Data Tables S1-S4; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org. Although most Th and U concentrations agree to within 3% between the two studies, our range of Th/U ratios is narrower, which is important for our interpretation of results.
DISCUSSION U-series age constraints
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alteration due to seawater interaction, variable sedimentation rates and cover, and non-unique paleomagnetic intensities. As such, these age determinations are either qualitative or only provide minimum age constraints. In contrast to these age-dating methods, age dating using U-series disequilibria has proven useful for eruption age determinations when high-quality samples are available (e.g. Rubin & Macdougall, 1990; Goldstein et al., 1992; Lundstrom et al., 1998; Sims et al., 2003; Standish & Sims, 2010) . The process of mid-ocean ridge spreading and crustal generation requires that lavas sampled near the axis of any mid-ocean ridge must have relatively young eruption ages comparable to the half-lives and decay systematics of intermediate daughter products in the uranium and thorium decay chains. Initial U-series disequilibria will decay towards secular equilibrium at a rate proportional to the half-life of each nuclide provided that the system remains closed through time. Analytical uncertainties typically provide age information for up to five half-lives of each parentdaughter pair (e.g. a 30% . If the zero-age U-Th systematics of axial MORB at Endeavour can be constrained, calculations of U-series model ages for off-axis MORB, with geologic evidence for older ages, can be determined using the method first described by Goldstein et al. (1989) , where the model age (T) can be calculated using the following equation: 230 Th excesses measured in zero-age, axial lavas erupted from the same ridge segment. Complications in this method arise due to variations in MORB geochemistry that affect zero-age U-Th systematics, which is most clearly reflected in Th/U variations. In general, enriched MORB have higher 230 Th excesses than their more depleted counterparts from the same ridge segment, largely as a result of having higher Th/U (e.g. the East Pacific Rise; Sims et al., 2002) . Thus, it is critically important to constrain the zero-age systematics of all MORB geochemical types used for model age calculations.
Previous age determinations based on sediment 14 C and sulfide 226 Ra/Ba model ages suggest that all basalts present in the axial valley are <2Á3 ka Jamieson et al., 2013 Jamieson et al., , 2014 Th has not occurred since eruption). For the Inflated Ridge trend , EMORB and T3MORB collected from the axial valley are assumed to be zero-age for comparison to flank basalts. EMORB are dominantly found on the ridge flanks where high-resolution bathymetry shows that they likely erupted on axis and flowed down the flanks when the axial valley was absent or shallow, allowing lavas to breach and flow away from the trough . Knobs of T3MORB pillow basalts are also found on the west flank. A single T3MORB present in the axial valley has higher ( 230 Th)/ ( 232 Th) than the flank T3MORB. The differentiated DMORB from the western flank has the lowest ( 230 Th)/ ( 232 Th). Qualitatively, this suggests that the west flank T3MORB are older than their near-axis counterpart and the DMORB from beyond the west flank is the oldest from our sample set. Below, we provide quantitative model age calculations for these samples, but note that the uncertainties in these ages are high given the uncertainty in initial ( 230 Th)/( 232 Th). Model ages for EMORB were calculated using the EMORB sample collected from the top of the Summit Seamount (T463-01) that retains the highest ( 230 Th)/ ( 232 Th). The U-Th model ages of EMORB based on this sample being zero-age, range from $3Á5 to 8Á5 ka. These ages are within uncertainty of zero-age for Th isotope measurements ($10 ka) and are consistent with the notion from Clague et al. (2014) that all EMORB erupted recently and within a relatively short time frame. This observation is also consistent with ( 226 Ra)/ ( 230 Th) disequilibria in flank basalts (Volpe & Goldstein, 1993) .
Model ages of the western flank T3MORB in this study assume that these basalts started with ( 230 Th)/ ( 238 U) characteristics similar to those of the near-axis T3MORB. Using this T3MORB ( 230 Th)/( 232 Th) as a proxy for the initial ratio, the ages of the three, west flank T3MORB range from 22Á4 to 25Á3 ka, with an average of 23Á7 6 1Á7 ka (2 SD). This average age, calculated using full error propagation, is 23Á7 þ 24Á8/ -16Á7 ka, which does not include errors associated with the decay constants of 230 Th, 232 Th, or 238 U. Full error propagation accounts for uncertainties in the initial Th excess estimate and the Th isotopic compositions and Th/U ratios of the samples being dated. These errors are derived from our analytical reproducibility and do not account for the error in the initial ( 230 Th)/( 232 Th) ratio (i.e. we do not account for potential decay of this ratio since eruption). Trendline ages, using either all zero-age basalts or only zero-age EMORB and T3MORB, were also calculated and found to have negligible impacts on overall ages relative to propagated errors, with a comparison of T3MORB age results shown in Table 3 . Consistency of the ages of these three flank basalts suggests that the average of their three ages is more robust than the fullpropagated error suggests. However, we report the full error for completeness and interpret this age to reflect the eruption age of a single batch of T3MORB magma that occurred within a relatively short time span, prior to the eruption of the surrounding EMORB that have sediment ages of $10 to 4 ka .
A differentiated DMORB located slightly beyond the west flank (T738-40) has significantly less 230 Th excess than any axial lavas. We use the average ( 230 Th)/( 232 Th) ratio of N2MORB from the axial valley to calculate a model age for this DMORB (Table 3 ). There are no equivalent zero-age DMORB samples in the axial valley, and we cannot be certain of the initial ( 230 Th)/( 232 Th) of this sample. However, it is clear that this sample is relatively old, and the N2MORB provide the best estimate for the zero-age U-Th disequilibrium of this sample. Samples with identical Th/U ratios to this DMORB were reported by Goldstein et al. (1992) Table 3 includes this age (absent of the errors), in addition to ages calculated using a zero-age trendline and maximum and minimum estimates for the initial ( 230 Th)/( 232 Th) ratio estimated from axial basalts. The ages (excluding errors) using the range of initial ( 230 Th)/( 232 Th) ratio estimates range from 57 ka to 87 ka, indicating that this sample age is reliable within the estimated uncertainty, and is the oldest sample measured in this study. Figure 4 illustrates U-Th model ages of the western flank DMORB (80 ka), the three, western flank T3MORB ($24 ka), and western flank EMORB (3Á5 to 8Á5 ka) relative to the half-spreading rate of 2Á6 cm/yr. Figure 4 is similar to figure 14 of Clague et al. (2014) but extends the age of Endeavour volcanism farther back in time. Two of the four D and T3 basalts lie along a line reflecting the long-term half-spreading rate. A second T3MORB, located $1Á3 km from the axis, lies just within error of the spreading rate, whereas the T3MORB furthest west of the axis lies significantly below the line reflecting the long-term spreading rate.
Implications of older U-Th western flank ages
The breakdown of a correlation between age and increasing distance from the axis for the T3MORB is consistent with three possible scenarios. Firstly, these basalts could have erupted off axis (and in place) and experienced tectonic spreading only after formation of the axial valley. Secondly, these T3MORB could have erupted on axis and spread to their current location. If so, the half-spreading rate at Endeavour must have decreased extraordinarily quickly (<25 ky) from $8Á1 cm/yr to the current rate of 2Á6 cm/yr. We consider this scenario highly unlikely as there is no evidence anywhere on the global ridge system for such a large variation in spreading rate in such a short period of time. For example, spreading rates on the East Pacific Rise have remained $10 cm/yr for hundreds of thousands of years (Mü ller et al., 2008) . The third possibility involves a near-axis eruption of T3MORB lava that flowed down the west flank of the volcano. Highresolution bathymetry of the Endeavour ridge indicates the T3MORB erupted in-place as pillow mounds (Fig. 5) . EMORB sheet-to-pillow lavas then flowed around the separate T3 pillow mounds .
Further west from the central axis, the $80 ka age of the DMORB is consistent with the time-integrated halfspreading rate, suggesting that this basalt could have erupted on axis and spread to its current location (Fig. 4) . This basalt was collected from a small, unfaulted seamount that reflects only limited structural displacement, which contrasts to the current highlyfaulted axial valley and ridge, suggesting that it likely did erupt in place, rather than being tectonically moved to its current location. Realistically, its formation and placement likely involved both scenarios where it was probably erupted off-axis and partly moved to its current location by subsequent spreading. Regardless, its geologic context suggests that the Endeavour Ridge has been volcanically active for at least $80 ka, or rather, a large volcano was constructed over the central axis of spreading over this time period. Clague et al. (2014) demonstrated that the most recent magmatically robust episode at Endeavour lasted from >10Á7 ka to $4Á3 ka. These age constraints were derived from foraminifera 14 C ages from sediments overlying basalt flows and only provide minimum eruption ages. Although supported by only one sample, model ages for our off-axis basalts now extend the age of magmatism to $80 ka. Prior to this time, magmatism was likely less frequent, less voluminous and a large axial volcano was absent. The location of western flank DMORB and T3MORB also indicate older magmatism affected a relatively wide region, which transitioned to a very narrow region along the central axis as magma supply increased. Clague et al. (2014) and Gill et al. (2016) also showed that EMORB cover the majority of both ridge flanks where these basalts erupted essentially on-axis and flowed offaxis. These observations are consistent with magmatic focusing along the axis, with the ages of these basalts confirming earlier magmatic episodes at Endeavour than previous evidence indicated.
In addition to our results, Goldstein et al. (1992) dated two lavas at $200 ka from $8 km off axis to the west (Fig. 1) . These basalts were dredged from the abyssal hill west of the current axial ridge and while their locations and geologic context are poorly constrained, their ages also support an episodic nature of magmatism at the Endeavour ridge segment. At a half-spreading rate of 2Á6 cm/yr, basalts collected 8 km off-axis should have ages of $300 ka. Given our results, magmatic activity can build a $4-5 km wide and 500 m high axial volcanic ridge in $80 ka and any lavas sampled within $50% of this distance, at any given interval, could thus have up to 80 ky of age range. By combining our ages with those of Goldstein et al. (1992) , we conclude that the Endeavour ridge experiences separate magmatically dominant periods characterized by high magma outputs and tectonically dominated periods characterized by low magma outputs that occur at intervals of $75-100 ky. Episodic volcanic activity is consistent with the interpretation that alternating abyssal ridges and plains away from the axis of the Juan de Fuca Ridge reflect alternating periods of dominantly magmatic and dominantly tectonic activity (Kappel & Ryan, 1986) . However, an alternative hypothesis proposes that variations in axial rift topography result from feedback between constant magmatism and extension (Carbotte et al., 2006) . Although we cannot rule out this alternative hypothesis, there is substantial evidence both here and elsewhere (e.g. Jamieson et al., 2013; Clague et al., 2014 ) that eruptions at Endeavour changed in volume and frequency in the last $80 ka, supporting an episodic model for magmatism.
In addition to episodic magmatism, hydrothermal systems at Endeavour are likely most active during initiation of tectonically dominant periods when young faulting provides pathways for seawater penetration to deeper portions of oceanic crust when magma chambers are still relatively hot. Seismic constraints at Endeavour suggest that a currently active magmatic system provides heat for the vigorous hydrothermal systems at Endeavour (Van Ark et al., 2007) . As crustally housed magmatic systems cool due to waning magma supply, overlying hydrothermal systems become inactive or less active. Because hydrothermal systems provide the primary form of energy for mid-ocean ridge ecosystems, magmatic and biologic activity at ridges should share similar episodic characteristics at ridges that display evidence for episodic magmatism (e.g. axial volcanic ridge construction along the Mid-Atlantic Ridge; Parson et al., 1993) .
Mantle melting models: Inflated ridge vs graben trends Trace element and isotopic constraints on melting at Endeavour
The Inflated Ridge and Graben trends described by Gill et al. (2016) are each defined by distinct isotopic and trace element compositions (Fig. 2) . Gill et al. (2016) utilized the ocean basalt simulator of Kimura & Kawabata (2015) to evaluate the melting regimes of individual basalt types at Endeavour. This combined trace element and isotopic modeling code accounts for the two separate trends observed in the geochemical compositions of Endeavour basalts through time using three types of geochemical/mineralogical lithologies: depleted upper mantle, primitive mantle and pyroxenite. Their model for Graben trend basalts requires a higher relative abundance of primitive upper mantle in the source, and a smaller mass fraction of pyroxenite melt, than for the Inflated Ridge trend basalts. Here, we describe a different trace element and isotopic conceptual model that we use to guide our U-series modeling approach. Partition coefficients used in our models can be found in Table 4 .
An important observation in MORB geochemistry is the requirement of mixing low-degree enriched melts with high-degree depleted melts, which has been shown for both trace element systematics (e.g. Sims et al., 1995) and uranium series disequilibria (e.g. Lundstrom et al., 1995) . Low-degree, trace element enriched partial melts are derived from a deep (garnet stability field) volatile-rich melting region, whereas high-degree, trace element depleted melts are derived from a shallow (spinel stability field) melting region (Hirth & Kohlstedt, 1996; Hirschmann et al., 1999; Asimow & Langmuir, 2003) . To simulate trace element behavior in such a melting scenario, we used batch melting equations and a single homogeneous peridotite source with the trace element characteristics (Sm/Yb, Nb/Zr, and Ba/Sm) of the average DMM (Fig. 6) of Workman & Hart (2005) . Simple binary mixing of a low degree (0Á5%), deeply-generated melt (originating from garnet peridotite) and higher degree (6%), shallowlygenerated melt (originating from spinel peridotite) can account for the trace element ratios of Endeavour N2MORB (blue 'peridotite only mixing' line in Fig. 6 ) but cannot generate the trace element characteristics of the majority of Endeavour basalts. Ultimately, an additional component is required, especially for generating the Pb isotope variations of Endeavour basalts.
Following Gill et al. (2016) , we next considered a mafic component in addition to the peridotite. We assume that the mafic component has an average MORB composition (calculated from data in Gale et al., 2013) with the mineralogy of eclogite from Pertermann et al. (2004) . We assumed constant melt degrees of the deep and shallow peridotite but allowed the melting degree of the eclogite to vary in order to account for the trace element variations at Endeavour. We further assumed shallow mixing of deep and shallow melts that ascend separately from each other. The hybrid deep melt is a mixture of 7-50% eclogite melts on the one hand and the 0Á5% melt of garnet peridotite on the other. The shallow melt is a 6% melt of spinel peridotite. Such mixtures can generally account for the geochemistry of Endeavour basalts (Fig. 6) . However, because these mantle endmembers/lithologies and melt fractions are poorly constrained, these models are more conceptual than quantitative in nature. Nonetheless, they show that the trace element systematics of Endeavour MORB can be generated by melting two mantle sources rather than three (cf. Gill et al., 2016) .
In addition to trace elements, the isotopic compositions of Endeavour MORB require at least twocomponent mixing. In our conceptual model, we use Pb isotopic endmembers from Hegner & Tatsumoto (1987) (Fig. 1) that have the most (Union) and least (Heckle) radiogenic Pb isotopes in the area. Results of isotopic modeling using these signatures indicate that the same modeling parameters can be applied to the isotopic compositions of Endeavour basalts to achieve (Goldstein et al., 1992; Clague et al., 2014) . Model ages for the T3MORB nearest to the axis and the DMORB furthest from the axis are consistent with the timeintegrated half-spreading rate of the ridge. The two remaining T3MORB further from the axis deviate from the long-term spreading rate to apparent faster spreading rates. Such fast rates of spreading relative to the current central axis could result from highly variable spreading rates in recent time, or from off-axis eruptions. EMORB are also included to demonstrate that EMORB likely erupted on-axis and flowed to their current positions. The dotted line across the diagram represents the maximum extent of 14 C age data presented in Clague et al. (2014). adequate mixing relationships to account for the geochemical variation of Endeavour basalts (Fig. 7) . We note that the isotopic compositions of even N2MORB require at least a small component of eclogite, but this is well within the realm of mixing possibilities.
Results of our conceptual models (Figs 6 and 7) reflect the geochemical characteristics of Inflated Ridge trend E and T3MORB, but do not differentiate between different basalt types associated with the Graben trend. In our models, graben trend basalts require a lower degree of eclogite melting ($7%) to generate T1, T2, and N1MORB. The lower degree of eclogite melting allows the melt to have greater leverage on the composition of resulting basalts, suggesting that in general, our models agree with those of Gill et al. (2016) in that Graben trend basalts require a greater influence of melts from enriched components to generate their geochemical compositions. The main difference is that the enriched component is primitive mantle for Gill et al. (2016) and small degree eclogite melts in ours. Thus, the endmembers used in the trace element and isotopic modeling provide a baseline for U-series modeling described below.
Uranium series melting model
In any model of mantle melting to produce MORB, very little fractionation between U and Th can occur, given the relatively high percent of melting required to produce the typical thickness of ocean crust and the similar U and Th partition coefficients derived from experimental work (Salters et al., 2002 , Elkins et al., 2008 . However, Th/U can differ between the melt and initial solid source at sufficiently low melt fractions (i.e. <1%). At 0Á5% melting, the Th/U of the melt is 15% higher than in the initial solid at the depth where garnet peridotite melt is generated (Fig. 8) . However, Th/U is not significantly fractionated for !6% melting of eclogite or spinel peridotite. Our model intends to reproduce the Th/U systematics of Endeavour basalts, which result in a major difference in the final results of the models relative to those of Gill et al. (2016) . The pyroxenitic lithology of Gill et al. (2016) was adapted from a basaltic composition (Chauvel et al., 1992) that was characterized by higher Th/U and U and Th concentrations than the mafic component used here. Partial melting of this pyroxenitic lithology generates melt with high U and Th concentrations and Th/U, which allows melt from the pyroxenite to highly leverage potential hybrid melts. In contrast, an eclogitic composition with lower Th/U and U and Th concentrations is more appropriate for melting models that attempt to generate Endeavour basalt compositions with lower 230 Th excesses in EMORB and T3MORB of the Inflated Ridge trend, because it has less leverage on the overall trace element compositions and U-Th systematics of the melts.
We model uranium series disequilibria at Endeavour using a combination of the UserCalc code (Spiegelman, 2000) that models U-series melting behavior based on the equilibrium porous flow calculation of Spiegelman & Elliott (1993) and dynamic melting based on the formulation of McKenzie (1985) . Partition coefficients used in the U-series models can be found in Tables 4  and 5 and additional melting parameters are also presented in Table 5 . As described above, the model involves a chemically homogeneous peridotite (modified from DMM of Workman & Hart, 2005 ) that melts to a low degree (0Á5%) in the garnet stability field and a higher degree (6 %) in the spinel stability field, and one mafic lithology (eclogite of Pertermann et al., 2004) that melts from intermediate to high degrees (7-50%). U-series disequilibria models benefit from the assumption of secular equilibrium prior to the initiation of melting. Thus, time-dependent melting models, such as dynamic melting (McKenzie, 1985) and equilibrium porous flow (Spiegelman & Elliott, 1993) , do not depend on the Th and U concentrations of the initial solid, but rather only predict the degree of disequilibrium generated between parent-daughter isotope pairs.
Modeling Endeavour basalts using mixed melts requires that one lithology has a higher Th/U and one has a lower Th/U than the Th/U ratio measured in the target basalt. For our models, we have modified the Th concentration of DMM such that the Th/U ratio is 2Á25 (vs 2Á47 of Workman & Hart, 2005) , but made no modifications to the average MORB composition eclogite component. The spinel peridotite melt is the most wellconstrained endmember in these models because the degree of melting is sufficiently high that the partition coefficients for spinel peridotite have little capacity for generating 230 Th excesses. This depleted melt, therefore, provides an anchoring point for modeling MORB, such that any mixing line will be anchored to a point with Th/U ¼ $2Á25 and ( 230 Th)/( 238 U) $ 1Á0, or slightly higher depending on model parameters.
The deeper melt component is less constrained with the only requirement being that it must have Th/U equal to or higher than the Endeavour basalts modeled. The choice of Th/U ¼ 3Á39 (i.e. average of MORB data from Gale et al., 2013) for the eclogite component exceeds the highest Th/U of Endeavour MORB and is adequate given the uncertainties associated with the modeling. We note, however, that this value is higher than the average MORB Th/U given by Gale et al. (2013) , exceeds all MORB previously studied for U-series, and may be dominated by Indian Ocean MORB. With these estimates for Th/U of the initial solids, we calculated the ( 230 Th)/( 232 Th) and ( 238 U)/( 232 Th) of each endmember using the ( 230 Th)( 238 U) from UserCalc for the porous flow melting model of Spiegelman (2000) for the peridotite, and dynamic melting (McKenzie, 1985) for the eclogite.
An additional consideration of our U-series-melting model is the physical arrangement of the melting column. Rather than combining three melts directly, we assume that the eclogite-and garnet peridotite-derived melts mix at >60 km depth prior to mixing with shallowly-derived melt from spinel peridotite at the top of the melt column (<30 km). Our models thus produce two mixing lines for the three melts involved. The first is a mixture of a 0Á5% melt of garnet-peridotite and 7-50% melts of eclogite. The second is a mixing line between this deep, hybrid melt and the shallow, 6% melt of spinel peridotite. The latter, generated using a combined porous flow and dynamic melting model, has a positive slope like a typical MORB U-Th array (e.g. Sims et al., 2002) .
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Partition coefficients for peridotites are calculated from experimentally determined partition coefficients from Hauri et al. (1994) , Salters et al. (2002) and Elkins et al. (2008) . Partition coefficents for eclogite are calculated from experimentally determined partition coefficients from Salters et al. (2002) and Pertermann et al. (2004) .
the solid matrix (i.e. fractional melting of the eclogite) and mix with the peridotite-derived melt while still in the garnet stability field. This scenario is consistent with both the U-series isotopes and other trace element and isotope ratios discussed previously. Ultimately, the goal of our applying melting models at Endeavour is to produce melts from multiple lithologies that can be mixed in appropriate proportions to generate the geochemical characteristics of the different basalt types present (e.g. EMORB, TMORB, NMORB). Figure 8 shows the results of our U-series modeling that were calculated by applying the results of our trace element and isotopic modeling to the porous flow and dynamic melting calculations. For all of the mixing relationships shown in Fig. 8 , the melt fractions and U-Th systematics of the garnet and spinel peridotite remain constant. The only variable required to explain the change in geochemical trends through time is the melting condition of the eclogite. For E-and T3MORB of the Inflated Ridge trend, the eclogite melts at C (melting rate) ¼ 2Á6 x 10 -7 F/yr and / (porosity) ¼ 0Á05. For the Graben trend, the melting rate decreases slightly to 1Á0 x 10 -7 F/yr, whereas the porosity decreases considerably to 0Á002. This change in melting rate and porosity causes an increase in the ( 230 Th)/( 238 U) of the eclogite melt from $1Á07 to 1Á35 through time, which in turns reflects a decrease in the slope of the mixing line between deeply-generated garnet peridotite melt and eclogite melt (dashed lines in orange and green in Fig. 8 ).
These models differ from those of Gill et al. (2016) in that our models only use two major components and Pb vs Nb/Zr. Lead isotope ratios are from the Union (eclogite) and Heckle (peridotite) seamounts in the NE Pacific (Hegner & Tatsumoto, 1989 ). These models demonstrate that only two lithologies are required to generate the isotopic and trace element compositions of Endeavour basalts (as seen in Fig. 6 ), but with a 7-fold variation in percent melting of the eclogite. Numeric labels refer to the proportions of shallow melt in the mixture (i.e. higher numbers indicate higher proportions of shallow melt). Table 4 provides partition coefficients used in the models. Fig. 6 . The results of conceptual trace element modeling of (a) Sm/Yb vs Nb/Zr and (b) Sm/Yb vs Ba/Sm. Note x-axes are logarithmic scales. Spinel peridotite (shallow) and garnet peridotite (deep) melting trends are indicated by the thick black lines labeled Deep and Shallow Melting. An eclogite trend is also shown (dashed black line) which extends to higher Sm/Yb ratios than shown on the diagram. Dashed curves indicate mixtures of garnet peridodite and eclogite melt that compose the deep melt for EMORB (red dashed curve), T3MORB (green dashed curve) and Graben trend N1-, T1-, and T2MORB (orange dashed curve). These mixing lines also extend to higher Sm/Yb ratios than shown on the diagram and reflect mixing between deeply-generated peridotite and eclogite melts. Proposed mixing lines between the deep hybrid melt and shallow spinel peridotite melt are also included for EMORB (solid red curve), T3MORB (solid green curve), and Graben trend N1-, T1-, and T2MORBs (solid orange curve). Mixing curves (solid red, green, and orange) reflect mixtures of shallow and deep generated melts where the deep generated melt is already a hybrid melt resulting from mixing separate peridotitic and eclogitic generated melts. The degree of melting for the garnet peridotite is 0Á5%, and the degree of melting for the spinel peridotite is 6%. The solid blue line shows mixing between these two peridotite melts. The degree of eclogite melting is 50% for T3MORB, 10% for EMORB, and 7% for the Graben trend MORB. Numeric labels refer to the proportion of shallow melt in the mixture (higher numbers indicate higher proportions of shallow melt). These results indicate that only two lithologies (i.e. peridotite and eclogite) are required for generating the trace element ratios in Endeavour basalts. Table 4 provides partition coefficients used in these models. the isotopic compositions of Endeavour basalts all require a variable proportion of eclogitic melt. Contrasts mostly originate from using a primitive upper mantle composition in Gill et al. (2016) , which serves as an additional enriched component that we do not need.
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Aside from comparing the models of Gill et al. (2016) to our melting model, it is also worth noting that our model is consistent with the general framework of mixing deeply-derived, enriched melts and shallowlyderived, depleted melts to account for U-series disequilibria in MORB (Lundstrom et al., 1995) . Although we have not explicitly accounted for the timescales of melt transport entirely in our model, our model assumes that deep melt generated by low porosity porous flow in peridotite plus high porosity channel flow in eclogite is extracted at the depth of the garnet-spinel transition. As such, our model is somewhat similar to the model of Jull et al. (2002) where melts percolate slowly through the mantle in equilibrium with the surrounding solid at depth, or migrate rapidly in high porosity disequilibrium channels nearer the surface. We have not explicitly accounted for transport time once the melts reach highporosity channels. Regardless, our model requires faster movement of deep melt into the shallow mantle than what is allowable by equilibrium porous flow alone. Slower transport through equilibrium porous flow in the shallow mantle would generate melts with lower 230 Th disequilibria. The mixing relationships and modeling in our work can also be used to interpret previous datasets from the Endeavour Ridge. One of the most important constraints of mantle melting beneath Endeavour was an analysis of ( 231 Pa)/( 235 U) in NMORB presented by Lundstrom et al. (1995) . This constraint, along with the 230 Th disequilibria and comparison to data from the East Pacific Rise, allowed Lundstrom et al. (1995) to develop a model using equilibrium porous flow. They found that mixing between heterogeneous source materials can account for U-series trends in MORB. The high-degree of disequilibria, ( 231 Pa)/( 235 U) ¼ 3Á06, measured at Endeavour requires an equilibrium porous flow scenario (i.e. not dynamic melting), which has been used to explain U-series disequilibria in some regions (e.g. Turner et al., 2015) . The 0Á5% garnet peridotitederived porous flow melt in our models has ( 231 Pa)/ ( 235 U) ¼ $4Á1 (Table 5) , exceeding the measured ( 231 Pa)/( 235 U) at Endeavour and roughly consistent with the mixing proportions in Fig. 8 . It is, therefore, possible that mixtures of eclogite-and peridotite-derived melts can explain the high ( 231 Pa)/( 235 U) of Endeavour. As such, our models, that include trace element, isotopic, and U-Th constraints on a greater number of samples, support the heterogeneous source mixing hypothesis of Lundstrom et al. (1995) .
Variations between Inflated Ridge and Graben trends: a time integrated perspective
The trace element model of Gill et al. (2016) successfully modeled generation of the N2MORB composition without a eclogitic melt input. Our model however requires the influence of some eclogite melt, based on the isotopic compositions of the N2MORB. The older DMORB and T3MORB of the west flank have the least radiogenic Pb isotopic composition. One important result from our modeling is that as soon as the mafic component began Uranium-series models use mixing calculations consistent with the trace element and isotopic models shown in Figs 6 and 7. The porous flow curve was calculated using the UserCalc code of Spiegelman (2000) and assumes that melts maintain chemical equilibrium with the surrounding peridotite matrix. To simulate high-porosity channelized flow, we use the 0Á5% melt at the garnet-spinel transition as the deeply generated garnet peridotite melt. In contrast, the eclogite melt is calculated using dynamic melting, which assumes that the melt is extracted from the matrix once the critical threshold porosity is attained (McKenzie, 1985) . Points A and B represent products of different dynamic melting conditions of the eclogite endmember: Point A reflects a low porosity (/ ¼ 0Á002), low melting rate (C ¼ 1Á0E-7) period of time, whereas point B reflects a high porosity (/ ¼ 0Á05), high melting rate (C ¼ 2Á6E-7) period of time that results in decreasing amounts of ( 230 Th)/( 238 U) disequilibria as reflected in the diagram. Proposed mixtures of garnet peridodite (0Á5% melt) and eclogite melt that compose the deep melt are indicated for T3MORB (green dashed curve to point B) and Graben trend N1-, T1-, and T2MORB (orange dashed curve to point A). The mixture for EMORB (red dashed curve) lies directly beneath the T3MORB trend and is partially visible. Proposed mixing lines between the deep hybrid melt and shallow spinel peridotite melt are shown as solid lines for T3MORB (green curve), Graben trend N1-, T1-, and T2MORB (orange curve), and EMORB (red curve beneath the orange curve). These solid mixing lines reflect mixtures of shallowlyand deeply-generated melts where the deeply-generated melt is already a hybrid melt resulting from mixing separate peridotitic and eclogitic generated melts. Numeric labels refer to the proportion of shallow melt in the mixture (higher numbers indicate higher proportions of shallow melt). Detailed geologic age constraints (e.g. Jamieson et al., 2013; Clague et al., 2014; Gill et al., 2016) show that Inflated Ridge trend lavas erupt at a distinct time (>10 ka to 2Á3 ka) before Graben trend lavas (<2Á3 ka). This diagram indicates that a time-integrated change in the melting dynamics (i.e. porosity and melting rate and degree of melting) of the eclogite endmember is primarily responsible for the change from Inflated Ridge to Graben trend geochemical compositions. Tables 4 and 5 provide all parameters for each model. to melt at Endeavour, it contributed significantly to the compositions of MORB, leading to the formation of the Inflated Ridge beginning at $80 ka and lasting until $4Á2 ka. Our results suggest that the important differences between the Inflated Ridge and Graben trends stem from a higher proportion of eclogite melt in the deep melt and the lower degree of melting of eclogite during the Graben phase.
Based on the abundance of previous work on Endeavour geology, it is clear that a change in magmatic output occurred in the last $10 ka. These changes are reflected both in the morphology and ages of lava flows. They are also apparent in the geochemical composition of basalts, which generated the different Inflated Ridge and Graben geochemical trends. In our new modeling, both the Inflated Ridge and Graben trends can be generated without significant changes in the composition or degree of melting of the peridotite. Therefore, the higher proportion and different composition of eclogite melts forming Graben trend basalts are reasonable explanations for the change in magmatic output.
Experimental work has shown that mafic lithologies (i.e. eclogite) in the mantle are more productive for generating magma than peridotite (Kogiso & Hirschmann, 2001; Kogiso et al., 2003 Kogiso et al., , 2004 , and the decrease in the degree of melting of the mafic lithology from 50% to 7% through time still exceeds the degree of melting of the spinel peridotite at 6%. Based on our modeling, a mafic lithology entered the melting regime and quickly melted to a high degree at a high melting rate with high porosity. As time progressed, the degree of melting, melting rate and porosity decreased, resulting in reduced magma supply and more radiogenic isotope ratios relative to trace element ratios. This change occurred within a few thousand years and resulted in the development of an axial valley. Thus, the short length scale heterogeneities described in Gill et al. (2016) are likely responsible for changes in magmatic output observed at the Endeavour segment of the Juan de Fuca Ridge.
ENDEAVOUR FROM REGIONAL AND GLOBAL PERSPECTIVES
Mantle melting models have indicated that mixing between depleted and enriched melts is primarily responsible for variations in the geochemical composition of MORB (e.g. Lundstrom et al., 1995; Sims et al., 1995) . At Endeavour, multiple models for basalt generation have been presented that are consistent with this interpretation, including the model of Lundstrom et al. (1995) and more recently the model of Gill et al. (2016) . Here, we present a new model that also accounts for the geochemistry of Endeavour basalts by mixing between enriched and depleted melts. The presence of a mafic component (e.g. eclogite or pyroxenite) in the mantle has been suggested in many studies of MORB (e.g. Lundstrom et al., 2000; Russo et al., 2009; Waters et al., 2011; Elkins et al., 2016) . However, the mechanism by which this mafic component melts and contributes to resulting MORB is not fully constrained. Lundstrom et al. Disequilibria results provide the calculated disequilibria for the porous flow model once the melting degree reaches 0Á5% (garnet peridotite) and at the end of melting column at a melt degree of 6% (spinel peridotite). The disequilibria results for the dynamic melting model are calculated for the two melting conditions of the eclogite.
(2000) suggested that deeply melting mafic veins fertilize the overlying mantle and cause channelization of depleted peridotite. The presence of channels in the melting mantle and the process of porous flow melting in the peridotite surrounding these channels, allows for preservation of both fractional and equilibrium chemical signatures. Our model differs from that of Lundstrom et al. (2000) in that we do not invoke a reactive process which includes enriched melts derived from mafic lithologies, nor do we explicitly account for the timescales of melt transport. However, there is general agreement between these and other models that a mafic lithology is somehow involved in the melting process. We suggest that an eclogitic component is primarily responsible for variations in basalt geochemistry through time.
Aside from the general framework of our modeling, the endmembers used in our models also provide some insight into the characteristics of the regional mantle. The peridotite lithology that melted to form the Inflated Ridge and Graben trends has Th/U slightly lower than average DMM proposed by Workman & Hart (2005) . Our model could account for regional basalt compositions from the southern Juan de Fuca Ridge (Goldstein et al., 1992; Dreyer et al., 2013) with less influence from a mafic component (i.e. eclogite). This suggests that the depleted mantle component is more of a regional feature, which has also been proposed for the Explorer Ridge (Cousens et al., 2017) . Basalts along the Juan de Fuca Ridge with lower Th/U ($2Á5, Goldstein et al., 1992 ) than those at Endeavour must then contain higher proportions of shallowly-derived, spinel peridotite melt.
Further Pb $18Á4). In contrast, Explorer Ridge basalts have the most radiogenic isotopes in the entire Juan de Fuca Ridge system (Cousens et al., 2017) . Altogether, Juan de Fuca Ridge basalts span a wide range of Pb isotopic compositions (Fig. 9 ) and more than half of that diversity is present at Endeavour. Despite this, both the Th/U and ( 230 Th)/( 238 U) ratios of Endeavour basalts encompass a relatively restricted range relative to the global MORB U-Th array (e.g. Fig. 2 ). Similar relative homogeneity applies to Sr, Nd, and Hf isotopes . This is unusual along the global ridge system, as U-series studies of segments along the Mid-Atlantic Ridge, East Pacific Rise, and Arctic Ridge systems have generally shown large variations in U-Th disequilibria and Th/U between depleted and enriched endmember MORB compositions (Elkins et al., 2011; Waters et al., 2011; Turner et al., 2015) . As such, Endeavour represents a relatively unique geologic setting in which large variations in the major and trace element compositions of basalts are not similarly correlated with U-Th disequilibria, as expected from global U-series data.
Aside from the general Th/U systematics and lack of strong correlations with trace element and isotopic compositions at Endeavour, our new model also implies that there should be a strong influence on U-Th disequilibria from deep, low-degree partial melts generated at low productivities in the garnet stability field. Volatile and other flux (e.g. alkali elements) contents cause melting at greater depths below the dry solidus (e.g. Hirth & Kohlstedt, 1996) , which is supported by both seismic (Forsyth et al., 1998) and electric conductivity (Key et al., 2013) imaging. The degree of melting (0Á5%) of our garnet peridotite melt is consistent with previous inferences based on the energetics of melting, specifically that lowdegree melts are likely produced in deep-melting regions at low-melt productivities of $0Á01%/km (e.g. Hirschmann et al., 1999) . In addition, our model also includes a dramatic increase in melting rate in the shallower melt regime (i.e. spinel stability field) of 0Á1%/km, which is also consistent with previous inferences about the effects of water content on melting of the mantle beneath mid-ocean ridges (e.g. Asimow & Langmuir, 2003) .
New geophysical images of the mantle velocity structure beneath the Juan de Fuca Ridge (Byrnes et al., 2017) provide an avenue for interpretation of geochemical compositions in the context of geophysical observations at this specific mid-ocean ridge system. Figure 10 shows the ( Pb of Endeavour basalts and other northeast Pacific oceanic basalts (Hegner & Tatsumoto, 1987; Hegner & Tatsumoto, 1989; Dreyer et al., 2013; Gill et al., 2016; Cousens et al., 2017) . Endeavour basalts lie along a mixing line between two endmember compositions. Regional basalts scatter around the binary mixing trend defined by Endeavour basalts, although some of the scatter results from non-high-precision TIMS data using NBS981 normalization (i.e. without Tl-normalization). Results indicate that the same two isotopic mantle reservoirs, likely melted in generating Endeavour basalts, are involved in generating basalts throughout the northeast Pacific. Overall, Endeavour basalts span much of this range despite large variations in major and trace element compositions. Th excesses at Endeavour reflect a greater influence of deeplygenerated, enriched melts on the overall compositions of Endeavour MORB. Thus, our geochemical models are consistent with previous inferences about the process of melting beneath mid-ocean ridges and geophysical models that would predict a greater influence of deeplygenerated melts at Endeavour.
CONCLUSIONS
The Endeavour segment of the Juan de Fuca Ridge is the most well-studied individual ridge segment on Earth. Detailed, high-resolution age-dating, geologic mapping and geochemical data provide robust constraints for modeling the geological evolution of the Endeavour segment. Additional U-series disequilibria provide a time-integrated perspective of mantle melting processes controlling the geological evolution of Endeavour and allow for detailed refinement of melting parameters and mantle source geochemical and isotopic characteristics.
Several conclusions are apparent:
1. Expanding on previous assessments, we have constrained the episodic nature of ridge and valley formation at Endeavour to occur on a $80 ka timescale. 2. Hybrid porous flow and dynamic melting models indicate that basalt geochemistry at Endeavour results from mixtures of peridotite and eclogite melts. The transition of magmatism from the Inflated Ridge to the Graben trends reflects a decrease in the degree of melting, melting rate and porosity of the eclogitic component through time, even though the percentage of eclogite melt in the deeply-generated melt decreased. The lower degree of eclogite melting during the Graben trend resulted in its greater leverage on overall melt compositions. 3. The change in melting conditions of the eclogite component is likely responsible for the change in magmatic output through time. Initially, when eclogitic mantle enters the melting zone, it melts rapidly and at a high degree, increasing magmatic output at the ridge. Later, as the eclogitic degree of melting, porosity and melting rate decrease, the magmatic output decreases. 4. Ambient mantle beneath the Juan de Fuca Ridge is relatively depleted and enriched heterogeneities in this region share a common mantle source for both mid-ocean ridges and seamounts. MORB, erupted regionally along the Juan de Fuca Ridge, generally inherit geochemical and isotopic signatures from these mantle sources. 5. Geochemical models indicate melting of spinel peridotite at shallow levels occurs at lower degrees than usual ($6%), which is consistent with recent mantle velocity images that show higher S-wave velocities in the mantle beneath Endeavour than beneath the southern Juan de Fuca Ridge. 6. Our melting models assume low degrees of peridotite melting in the deep mantle and higher degrees of melting in the shallow mantle. These variable degrees of partial melting translate to low and high melting rates, respectively, and are consistent with previous inferences constraining the effects of variable water contents on melt fractions and melting rates in deep and shallow mantle reservoirs.
